Effective and economical lightning protection measures are necessary for railway signalling systems because suspended operation or train delays due to lightning damages may cause social disruption. However, countermeasures against lightning damage are often implemented by trial and error as and when such damage occurs in railway signalling systems. This is because overvoltages that occur in the lightning have not yet been quantitatively analyzed. The authors therefore measured lightning overvoltages in railway level crossing systems representing typical examples of wayside electronic signalling equipment at the field. This measurement was carried out to analyze quantitatively the frequency of lightning overvoltage occurrence and to collect basic data for countermeasures against lightning.
Effective and economical lightning protection measures are necessary for railway signalling systems because suspended operation or train delays due to lightning damages may cause social disruption. However, countermeasures against lightning damage are often implemented by trial and error as and when such damage occurs in railway signalling systems. This is because overvoltages that occur in the lightning have not yet been quantitatively analyzed. The authors therefore measured lightning overvoltages in railway level crossing systems representing typical examples of wayside electronic signalling equipment at the field. This measurement was carried out to analyze quantitatively the frequency of lightning overvoltage occurrence and to collect basic data for countermeasures against lightning.
The two level crossing systems selected as field test sites are located in the Takasaki area, a district of Japan well known for its frequent lightning. Figure 1 shows a diagram of the measurement set-up at the field test site. Measuring instruments such as oscilloscopes were placed in the measurement hut installed temporarily beside the level crossing system's equipment cabinet. The measuring wires for lightning overvoltages were extracted from the measuring points of the level crossing equipment to the measurement hut through the earthen pipe, and lightning overvoltages were measured using high-voltage probes in the hut. Shielded twist pair cables were used for measuring wires because of the reduction of influence of induced noises to the utmost. The measuring points are as follows:
[ Figure 2 shows the cumulative frequency of the lightning overvoltages in the level crossing system obtained in this measurement. The overvoltages that occurred on the AC power line for the level crossing system were higher than those occurred at the other measurement points previously mentioned. Figure 2 therefore shows the lightning overvoltages occurring on the AC power line. The horizontal axis indicates the value of the lightning overvoltages that occurred, and the vertical axis indicates the occurrence frequency of lightning overvoltages exceeding the value of the horizontal axis.
Eq. (1) can approximate the cumulative frequency of the lightning overvoltages shown in Fig. 2 , where P v [times/year·equipment] is the cumulative frequency of exceeding V [kV], and V is the value of the lightning overvoltage occurring in the level crossing system. The approximate line calculated by Eq. (1) is also indicated in Fig. 2 .
As a result, Eq. (1) can estimate the occurrence probability of lightning damages caused by exceeding the withstand voltage of the level crossing system. Moreover, the rate of reduction in lightning damages against the level of lightning protection can be evaluated using Eq. (1). For example, if the level of lightning protection can be improved from 10 kV to 30 kV, it is calculated that the occurrence probability of lightning damages will be reduced to 1/10 or less according to Eq. (1).
Paper
Estimation of Occurrence Probability of Lightning Damages on Railway Level Crossing
Introduction
Railway signalling systems have made remarkable progress in recent years. For example, their components have increasingly become compact and multi-functional due to the adoption of microcomputers and other electronic devices in wide ranges. However, circuit burnout, system down and other types of lightning damage frequently occur in signalling systems because the electronic devices are easily damaged by lightning surges.
Moreover, railway signalling systems are widely installed at the wayside, and constitute a network by being connected to each other through rails and cables. Many parts are therefore vulnerable to lightning surges, and problems may extend over a wide range when railway signalling systems suffer lightning damages (1) . Effective and economical lightning protection measures are therefore necessary for railway signalling systems because suspended operation or train delays due to lightning damages may cause social disruption.
However, countermeasures against lightning damage are often implemented by trial and error as and when such damage occurs in railway signalling systems. This is because overvoltages that occur in the lightning have not yet been quantitatively analyzed. The authors therefore measured lightning overvoltages in railway level crossing systems at the field, enabling quantitative analysis of the frequency of lightning overvoltage occurrence (2) . This paper describes the frequency of lightning overvoltage occurrence on railway level crossing systems. The results also enable estimation of the occurrence probability of lightning damages caused by exceeding the withstand voltage of * Railway Technical Research Institute 2-8-38, Hikari-cho, Kokubunji 185-8540 the level crossing system.
Measurement of Lightning Overvoltages in Railway Level Crossing Systems

Field Test Site
It is necessary to obtain the magnitude and frequency of lightning overvoltages that occur in railway signalling systems in the event of lightning in order to consider the design of protection measures against lightning. The measurement of such overvoltages and surge currents that occurred in level crossing systems was therefore carried out at the field. It has been reported that lightning damages occur in level crossing systems (especially electronic ones) more frequently than in other types of wayside signalling equipment.
The two level crossing systems selected as field test sites were the second Hongou level crossing of the Hachiko line (non-electrified section) and the Kawasaki new-road level crossing on the Ryomo line (electrified section) belonging to the East Japan Railway Company. Both level crossing systems are of the electronic type, and the Hachiko and Ryomo lines are both located in the Takasaki area, a district of Japan well known for its frequent lightning. There are 30 thunderstorm days a year in the Takasaki area according to the IKL (Isokeraunic Level) map (3) . The lightning flash density N g is therefore calculated as 3 times/km 2 ·year with Eq. (1), where T d is the number of thunderstorm days in a year (3) . Figure 1 shows a diagram of the measurement set-up at the field test site. Measuring instruments such as oscilloscopes were placed in the measurement hut installed temporarily beside the level crossing system's equipment cabinet. The measuring wires for lightning overvoltages were extracted from the measuring points of the level crossing equipment to the measurement hut through the earthen pipe, and lightning overvoltages were measured using high-voltage probes in the hut. Shielded twist pair cables were used for measuring wires of lightning overvoltages because of the reduction of influence of induced noises to the utmost. The current transformers were installed at the measuring points of the level crossing equipment for the measurement of lightning surge currents and inputted into oscilloscopes through BNC cables. Figure 2 shows the second Hongou level crossing and the measurement hut, Fig. 3 shows a photograph of the measuring instruments in the hut, and Fig. 4 shows the current transformers installed in the equipment cabinet of the level crossing system. In addition, Table 1 shows the specifications of the instruments used in this measurement. Figure 5 shows the measuring points for lightning Data on lightning overvoltages and surge currents were registered when overvoltages occurred at the measuring points outlined above exceeded 400 V of the triggered level. Waveform data files of lightning overvoltages and surge currents named a triggered time by GPS (Global Positioning System) were stored on a laptop computer.
Operation of SPDs Attached to Level Crossing Systems
There were six cases in which the SPDs were operated by lightning overvoltages in the level crossing systems during the summer of 2004. The operating voltage of these SPDs is approximately 800 V, and Table 2 shows the lightning strike data of these cases. The data on the lightning stroke current and striking location in Table 2 are based on the JLDN (Japanese Lightning Detection Network). From Table 2, it   Table 2 . Lightning strike data in the case of SPDs operated in level crossing systems is conceivable that the SPDs attached to the level crossing system will be operable when the amplitude of the lightning stroke current is higher than 26 kA, which is 50% of the cumulative frequency of the lightning stroke currents (3) . Moreover, when the lightning strike location is adjacent to the level crossing system within approximately 3 km, the SPDs will be operated. Figure 6 shows the waveforms of the lightning overvoltages and surge currents in the case of lightning stroke No. C in Table 2 as a typical example. Fig. 6(a) , the peak value of lightning overvoltage was 3.5 kV. On the other hand, Fig. 6(b) shows the common mode surge current waveform between the AC power line and the ground, which was measured on the measuring point [Current No. 1] in Fig. 5 . The surge current did not appear in Fig. 6(b) because the insulated transformer attached to the AC power line did not fail according to the lightning overvoltage indicated in Fig. 6(a) .
As shown in Conversely, the relationships between Fig. 6 (e) and (f) are also propriety because it is same as the V-I characteristics of the varistor used in the SPD which was operated by the lightning overvoltages as shown in Fig. 6(e) . The V-I characteristics of this varistor is different from the above characteristics of the varistor which was operated by the lightning overvoltages as shown in Fig. 6(c) .
The lightning overvoltages and surge currents in the case of operation of the SPDs were similar to the outlined above at other lightning strike in Table 2 . Table 3 shows the number of cases where lightning overvoltages exceeded 400 V at the second Hongou level crossing and the number of lightning strokes during the summer of 2005. The number of strokes in Table 3 refers to those occurring within a 10-km radius of the center of the second Hongou level crossing. Figure 7 shows a lightning strike location map on 20 Aug. 2005 as a typical example. The points plotted in the figure indicate the location of strikes using the center of the level crossing system for this measurement. These lightning strike locations are also in accordance with JLDN data. Table 3 . Number of lightning overvoltages exceeding in 400 V in the level crossing system Figure 8 shows the comparison of the cumulative frequency of the peak amplitudes of lightning stroke currents during the measurement period in 2005 and the cumulative frequency of the peak amplitudes of lightning stroke currents based on the CRIEPI data (3) . This figure shows the 50% value of the cumulative frequency of lightning stroke currents in this measurement period is 24 kA and it is close to the 50% value of the cumulative frequency of the CRIEPI data. Figure 9 shows the cumulative frequency of the lightning overvoltages in the level crossing system obtained in this measurement. The overvoltages that occurred on the AC power line for the level crossing system were higher than those occurred at the other measurement points mentioned previously in Section 2.3. occurring in the level crossing system. Eq. (2) assumes that there is no difference between the mechanism of lightning overvoltage occurrence in the low voltage domain and that in the high voltage domain. The approximate line calculated by Eq. (2) is also indicated in Fig. 9 .
Occurrence Frequency of Lightning Overvoltages in Level Crossing Systems
P v = 168.3 × V −2.19 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (2)
Discussions
Eq. (2) can estimate the occurrence probability of lightning damages caused by exceeding the withstand voltage of the level crossing system.
If the electronic level crossing system has a withstand voltage of approximately 10 kV for the protection against lightning, the occurrence probability of lightning-related damage in the electronic level crossing system is calculated as 1.09 times/year·equipment using Eq. (2). However, the number of electronic level crossing systems on the Hachiko line is reported as 36, and lightning damages occurred 54 times in all over the last four years. It can therefore be calculated that the actual frequency of lightning damage is 0.38 times/year·equipment. Accordingly, it is supposed that electronic level crossing systems have a withstand voltage of more than 10 kV in reality. Practically, the electronic level crossing system's withstand voltage can be calculated as approximately 16 kV according to Eq. (2). If the lighting overvoltages is higher than 16 kV, the level crossing system would be damaged for the following reasons. One is the spark over in the equipment of the level crossing system. The other is the ground potential rise, which is caused by surge currents flowing into the grounding of the level crossing system according to the operation of SPDs attached to the power cables for the equipment connected to the rail as mentioned in Chapter 3.
Moreover, the rate of reduction in lightning damages against the level of lightning protection can be estimated using Eq. (2). For example, if the level of protection against lightning can be improved from 10 kV to 30 kV, it is calculated that the occurrence probability of lightning damages will be reduced to 1/10 or less.
Conclusions
The authors measured lightning overvoltages and surge currents on-site at level crossing systems during periods of lightning to enable quantitative investigation of the occurrence frequency of lightning overvoltages. The results are summarized as follows:
( 1 ) The equation was derived to estimate the occurrence frequency of lightning overvoltages in wayside signalling equipment as a result of the measurements.
( 2 ) This equation can estimate the occurrence probability of lightning damages caused by exceeding the withstand voltage of the wayside signalling equipment.
( 3 ) This equation can moreover evaluate the rate of reduction in lightning damages against the level of lightning protection.
In the future, the authors plan to investigate the occurrence mechanism of lightning damages to railway signalling systems and discuss measures for protection against lightning.
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